In the endoparasitic wasp Venturia canescens (Hymenoptera: Ichneumonidae) two genetically distinct lines, which differ at the VLP1 gene locus, appear to coexist sympatrically in thelytokous as well as arrhenotokous field and laboratory strains. Both lines display quite distinct morphological, physiological and behavioural variations, such as different oviposition strategies, egg numbers and growth rates during early embryonic development. To examine whether more than one gene is affected in the two lines, we applied cDNA-amplified fragment length polymorphism analysis to examine patterns of gene expression in ovaries of both wasp lines. We show that a number of ovarian transcripts have an altered expression pattern in either line, which was further confirmed by virtual Northern blot analysis. Sequence analysis of the cDNA-amplified fragment length polymorphism fragments revealed that some of the respective genes are expected to be involved in regulation of protein degradation during stress responses and in signal perception /transduction. The full-length sequence of two transcription factors (a homeodomain containing protein and a zinc finger protein) differentially expressed in both lines was obtained by RACE-polymerase chain reaction and their putative role in regulating key developmental processes during embryogenesis is discussed.
Introduction
A genome-wide survey of patterns of gene expression can contribute to our understanding of evolutionary processes, revealing, for example, the functional relevance of correlations between gene expression and the development of a phenotype (Gibson 2002) . Differential gene expression underlies a range of biological processes, including development, reproduction and behaviour. A recent study using microarray technology indicated that substantial natural variation in the transcriptional control of gene expression exists even within natural populations of teleost fish, possibly reflecting adaptations to microhabitats (Oleksiak et al. 2002) . In insects, studies on the transcriptional control of gene expression have focussed mainly on Drosophila species. However, with new molecular biology techniques available, gene expression profiling in non-Drosophilid insects has become feasible (Harshman & James 1998) . The RNA fingerprinting technique cDNA-amplified fragment length polymorphism (cDNA-AFLP) (Bachem et al. 1996) represents a comprehensive transcript profiling method which has been used, in particular, for gene expression analysis in plants (for reviews see Kuhn 2001; Donson et al. 2002) . It is based on the ligation of adaptors to restriction fragments of cDNA and the use of a set of specific primers for subsequent polymerase chain reaction (PCR) amplification of these fragments. Because AFLP primers differ in their nucleotide extensions at their 3 ′ -ends, only a subset of the cDNA fragments is amplified in a single PCR, allowing the systematic survey of the organism's transcriptome. The method has shown to be quite reproducible and sensitive with profiling results having a good correlation to Northern blot analysis (Donson et al. 2002) .
Studies involving a parthenogenetic laboratory colony of the endoparasitic wasp Venturia canescens Gravenhorst (Hymenoptera: Ichneumonidae) have revealed that a gene encoding a virus-like particle protein ( VLP1 ) existed in two allelic forms. On the basis of the presence or absence of a short tandem repeat sequence in the VLP1 gene, two clonal lines have been established with genotypes accordingly being designated as 'repeat plus' (RP) or 'repeat minus' (RM) (Hellers et al. 1996; Beck et al. 1999) . Genetic analysis of natural populations of this wasp species showed that the two genotypes appear to coexist sympatrically in both arrhenotokously (sexually) and thelytokously (parthenogenetically) reproducing V. canescens field populations (Beck et al. 1999; Malmberg et al. 2000; Schneider et al. 2003) .
Analysis of the reproductive success of thelytokous individuals from both lines has indicated that under conditions of uncontrolled intraline superparasitism (i.e. more than one egg is deposited inside a host caterpillar), RM wasps produced fewer offspring than RP wasps (Beck et al. 1999) . However, under interline superparasitism, RM wasps produced significantly more offspring than RP wasps (Beck et al. 1999) . In addition, RP and RM females displayed significant differences in egg-deposition behaviours, with RP wasps depositing eggs immediately after host encounter, whereas females of the other strain showed a significant delay in parasitism. Both oviposition strategies were correlated with two distinct ovarian phenotypes, which in turn seem to differentially influence egg maturation and egg numbers in the oviduct (Beck et al. 2001) . These studies suggested that the presence of two ovarian phenotypes leading to two distinct reproductive strategies in a parthenogenetic wasp population may result in a better exploitation of host resources in the field. In this scenario, RP wasps would be more effective in parasitizing large clusters of hosts, whereas RM wasps would have an advantage when hosts are rare and widely distributed.
Genetic crosses from sexual strains suggested that the phenotypes observed in the two strains may be genetically linked to the VLP1 locus (Li et al. 2003) . However, this study does not rule out the possibility that the VLP1 alleles are not at all responsible for the phenotypic differences. Instead, multiple gene mutations in other unrelated genes may affect gene expression causing the observed range of phenotypic effects.
In this study we used cDNA-AFLP analysis to examine patterns of gene expression in ovaries of V. canescens RP and RM wasps. We show that a number of ovarian transcripts have their expression altered in the two wasp lines, including genes showing sequence identities to conserved transcription factors or having a putative role in various stress response mechanisms. This knowledge on differentially regulated gene expression may help to elucidate the molecular alterations associated with the observed morphological, physiological and behavioural differences between individuals of either V. canescens line.
Materials and methods

Insect culture
For this study RP and RM wasps from a thelytokous Venturia canescens laboratory colony were used. The original laboratory colony from which the first RP and RM lines were established (Beck et al . 1999 ) was founded from an European wasp culture almost 20 years ago. The wasps were reared on Ephestia kuehniella (Lepidoptera: Phycitidae) caterpillars in their final instar. Insects were maintained at 25 ° C and a 14:10 h light/dark photoperiod. Adult V. canescens wasps were fed with a 50% (v/v) honey solution, E. kuehniella caterpillars with a mixture of crushed oats and wheatgerm.
RNA was extracted from the ovaries of 2 day-old adult wasps which were always kept at 25 ° C and supplied with ample honey solution. All material used for RNA preparation was immediately frozen in liquid nitrogen and stored at − 80 ° C until further analysis.
RNA extraction and cDNA synthesis
Total RNA was isolated from V. canescens RP and RM ovaries using QuickPrep™ Total RNA Extraction Kit (Amersham Biosciences) according to the manufacturer's instructions. cDNA was synthesized from 500 ng to 1 µ g of total RNA using the SMART PCR cDNA Synthesis Kit (Clontech). Conditions were as recommended by the manufacturer. This double-stranded cDNA was used for virtual Northern blotting. For cDNA-AFLP analysis and 5 ′ RACE, the cDNA template was further purified using the QIAGEN PCR Purification Kit (QIAGEN).
cDNA-AFLP analysis
AFLP template production was initially performed as described by Bachem et al. (1998) with a combination of the restriction enzymes Eco RI as a rare cutter and Mse I as a frequent cutter. Owing to a lack of recognition sequences of Eco RI, cDNA-AFLP analysis was finally carried out using a single restriction enzyme or a combination of two restriction enzymes with a 4 bp cutter sequence (Habu et al. 1997) . Briefly, 200 ng purified cDNA was digested with 10 U Mse I and/or Taq I, respectively, and ligated to Mse I and/or Taq I adaptors. The Mse I and/or Taq I adaptors were prepared by mixing equimolar amounts (2 pmol each) of the oligonucleotides 5 ′ -GACGATGAGTCCTGAG-3 ′ and 5 ′ -TACTCAGGACTCAT-3 ′ (for Mse I adaptor) and/or 5 ′ -GACGATGAGTCCTGAG-3 ′ and 5 ′ -CGCTCAGGACTCAT-3 ′ (for Taq I adaptor). Pre-amplification of cDNA fragments was performed for 20 cycles with a 2 µ l aliquot of a 1:10 dilution of the ligation reaction in a total volume of 10 µ l, using 60 ng of primer corresponding to the Mse I and/or Taq I adaptor sequence without an extension ( Mse I primer 5 ′ -GATGAGTCCTGAGTAA-3 ′ , Taq I primer 5 ′ -GATGAGTCCTGAGCGA-3 ′ ). After 10 × dilution of the resulting PCR product, a 2 µ l aliquot was selectively amplified in a total volume of 10 µ l with Mse I and/or Taq I primers using a touchdown amplification programme as described previously (Vos et al. 1995) . Primer sequences were as given above plus an additional 1-3 bp extension at their 3 ′ -ends.
Following amplification, samples were denatured by adding an equal volume (10 µ l) of formamide buffer (98% formamide, 10 m m EDTA, pH 8.0, 0.025% xylene cyanol FF, 0.025% bromophenol blue) and heating for 3 min at 80 ° C. Ten microlitres of the samples was loaded on a 5% denaturating polyacrylamide gel (Long Ranger, FMC) and electrophoresed at 750 V for 1.5 h at 25 ° C on a Multiphor II Electrophoresis Unit connected to a MultiTemp thermostatic circulator (both Amersham Biosciences). Bands were visualized by silver staining of the gels as described by Bassam et al. (1991) .
Isolation and sequencing of fragments
Bands differentially expressed in cDNAs from RP or RM wasps were cut from the polyacrylamide gel and eluted in 150 µ l TE buffer overnight at 37 ° C. cDNA was extracted from the gel piece following a method described by Suarez et al. (2000) . To reamplify the differentially expressed fragments, 25 µ l of the eluted cDNA was amplified with 10 pmol of the same primers in a 50 µ l reaction volume. PCR parameters were 35 cycles of 94 ° C for 30 s, 56 ° C for 1 min and 72 ° C for 2.5 min, with a final extension step of 10 min. The amplified fragments were analysed by agarose electrophoresis, purified from the gel, cloned into pGEM-T (Promega) vector and sequenced in both forward and reverse directions in at least two independent sequencing runs.
Rapid amplification of cDNA 5 ′ -and 3 ′ -ends (5 ′ RACE and 3 ′ RACE)
To isolate the full-length cDNAs of differentially expressed AFLP fragments, 5 ′ RACE and 3 ′ RACE were performed. Purified cDNA synthesized with Clontech SMART PCR cDNA Synthesis Kit was used as a template for the 5 ′ RACE. For amplification 20 pmol of downstream primer for the respective cDNA-AFLP fragment was used together with 20 pmol of SMART5 ′ primer (5 ′ -AACGCAGAGTACGCGGG-3 ′ ; Xie et al. 2001 ) in a 50 µ l reaction volume. PCR parameters were 25 cycles of 94 ° C for 30 s, 62 ° C (or lower) for 30 s and 72 ° C for 150 s with a final extension of 5 min. To start the reaction 2.5 U Taq DNA polymerase (MBI Fermentas) was added after an initial denaturation step at 94 ° C.
To amplifiy the 3 ′ -ends, cDNA template was also synthesized and amplified using Clontech SMART PCR cDNA Synthesis Kit but with the following modifications: total RNA (1 µ g) was reverse transcribed at 42 °C for 1 h using cDNA synthesis (CDS) primer. TE buffer (50 µl) was added to the 10 µl first-strand reaction product and incubated at 72 °C for 7 min. A 2.5 µl aliquot of this diluted cDNA was added to a 50 µl PCR using Advantage 2 PCR Kit (Clontech) containing 10 µm of both PCR primer (Clontech) and the respective upstream gene specific primer. PCR parameters were 30 cycles of 94 °C for 30 s, 62 °C (or lower) for 30 s and 72 °C for 2.5 min with a final extension of 5 min.
Virtual Northern blotting
To confirm differential expression of the cDNA-AFLP fragments in ovaries of RP and RM wasps, virtual Northern blotting (Endege et al. 1999; Franz et al. 1999 ) was performed. The cDNA fragments cloned into the pGEM-T vector were labelled as probes using the PCR DIG Probe Synthesis Kit (Roche Diagnostics) and were purified by glassmilk prior to use in hybridizations. Five micrograms of unpurified cDNA from ovaries of RP and RM wasps was fractionated on a 1% agarose gel, denatured, neutralized, transferred onto a nylon membrane (Roche Diagnostics) and fixed by UV crosslinking. The membranes were prehybridized for 30 min using DIG Easy-Hyb Buffer (Roche Diagnostics) at 37 °C and hybridized in the same buffer and at the same temperature with 500 ng of the DIGlabelled probes overnight. Blots were washed in 2× SSC and 0.1% SDS twice at room temperature, followed by two washes for 15 min each in 0.1× SSC and 0.1% SDS at 68 °C. Detection of bands was performed using the DIG Luminescent Detection Kit (Roche Diagnostics) according to the manufacturer's instructions.
Results
cDNA-AFLPs
Initially, four different EcoRI/MseI primer combinations with Eco+3/Mse+3, Eco+3/Mse+1, Eco+2/Mse+1 and Eco+0/Mse+0 selective nucleotides were used on the cDNA template resulting in the amplification of only a few fragments (≈ 5 -9) none of which was differentially expressed. A survey of restriction sites in published sequences of Venturia canescens showed that only a few cDNA species have the 6-bp recognition sequence of the restriction enzyme EcoRI. Therefore, further cDNA-AFLP analyses were carried out using either a single enzyme with a 4 -bp recognition sequence (MseI or TaqI) or a combination of both 4-bp cutters according to the method published by Habu et al. (1997) .
Digestion of the cDNA with the restriction enzyme TaqI or the restriction enzyme pair MseI-TaqI and subsequent amplification with 10 different primer combinations resulted in the generation of many fragments which could not be sufficiently separated on the given length of polyacrylamide gel. An attempt to reduce the complexity of banding patterns by using primers with more selective nucleotides at their 3′-end (Mse+3/Taq+3) still did not result in a clear pattern of bands.
The best restriction enzyme for detecting differentially expressed bands in ovarian RP and RM wasp cDNAs was MseI. We performed reactions with 110 combinations of MseI primers having 1-3 selective nucleotides resulting in the detection of ≈ 2150 cDNA fragments with an average of 20 discrete and clearly visible bands amplified with a given AFLP primer combination. Amplification products ranged in size from 40 to 1200 bp. Figure 1 shows an example of a typical cDNA-AFLP banding pattern. Overall, cDNAs isolated from RP and RM wasp ovaries displayed almost identical patterns on the polyacrylamide gel with a given primer combination. However, comparison of cDNA-AFLP patterns revealed that 11 amplification products (0.5% of the total number of bands) were differentially expressed between RP and RM wasps. These bands were excised from the silver-stained gel, reamplified and cloned into a plasmid vector.
Virtual Northern blotting and sequencing
To verify the results obtained using cDNA-AFLP analysis, differential gene expression of the 11 isolated fragments was further confirmed by virtual Northern blotting (Endege et al. 1999; Franz et al. 1999) . The cloned fragments were labelled with digoxigenin and used on a blot of SMART cDNA generated from V. canescens total ovarian RNA. Virtual Northern blot analysis revealed that 7 of the 11 fragments excised from the cDNA-AFLP gel were in fact specific to genes differentially expressed in RP or RM wasps (Fig. 2) . These fragments were sequenced with sequence similarity to known genes found for all fragments by blast searches. Their length, Accession nos, pattern of expression and DNA sequence identities to database entries is shown in Table 1 .
Two cDNA-AFLP fragments are likely to belong to genes involved in signal perception/transduction, including a homeodomain containing protein (Hox gene) (VcM9/15) and a putative zinc finger protein (VcM9/36 -1), showing 72 and 37% similarity to a Mus musculus Hox gene and a Caenorhabditis elegans zinc finger protein, respectively. Three other fragments are expected to be involved in the regulation of protein degradation during the stress response and/or different developmental processes, including homologues to a small heat shock protein (VcM9/16, 69% similarity to Anopheles gambiae heat shock protein), to polyubiquitin (VcM9/36 -2, 97% similarity to Bombyx mori polyubiquitin) and to a gene involved in the development (Fig. 2) . †Based on blastx comparisons. Fig. 2 (A) Enlarged view of parts of polyacrylamide gels showing cDNA-AFLP fragments differentially expressed in RP and RM wasp ovaries. Fragments are designated as listed in Table 1 . (B) Verification of differential gene expression of cDNA-AFLP fragments by virtual Northern blots. Fragments shown in (A) were labelled with digoxigenin and used as a probe on a blot with full-length cDNAs from RP and RM wasp ovaries. As a control, the same blot was probed with a gene coding for a Venturia canescens neprilysin-like protein (VcNEP) which is expressed in the same amount and size in RP and RM wasps (Asgari et al. 2002) . Size of full-length mRNAs of corresponding genes is indicated on the right of the blot (in bp). M: DIG-labelled molecular mass marker VI (Roche Diagnostics).
of the Nijmegen breakage syndrome (VcM9/17, 32% similarity to Gallus gallus NBS1). The potential roles for the remaining two fragments remain unclear with one showing 30% DNA sequence similarity to a polyprotein of an insect infecting picorna-like virus (VcM9/18) and the other 37% sequence similarity to a hypothetical protein of humans (VcM20/19). Except for the putative zinc finger protein and the heat shock protein homologues, all other fragments were up-regulated in ovarian cDNA of RM wasp ovaries (Fig. 2, Table 1 ).
Cloning of full-length genes of two putative transcription factors by RACE-PCR
The full-length cDNAs of two putative transcription factors, a homeodomain-containing, DNA-binding protein and a zinc finger protein, were produced by RACE-PCR using SMART cDNA as a template. According to the nucleotide sequence of both cDNA-AFLP fragments, a pair of upstream and downstream primers were synthesized for both genes, respectively. The 5′-ends were amplified using SMART 5′ primer (Xie et al. 2001 ) and downstream primers, whereas the 3′-ends were generated by amplification of SMART cDNA with CDS primer from SMART PCR cDNA Synthesis Kit and the respective upstream primers.
The full-length cDNA coding for a putative homeodomaincontaining protein (Vc-Hox, GenBank Accession no. AY204697) is 2313 bp long with an open reading frame (ORF) of 1371 bp, coding for 456 amino acids. It has 382 bp of 5′-untranslated region (UTR) and 560 bp of 3′-UTR including a poly(A) tail. Homology searches in GenBank indicated that this protein shows between 68 and 85% DNA sequence similarity to other homeodomain-containing proteins (Fig. 3) . The protein contains a homeodomain DNA-binding motif of 66 amino acids in its C-terminal region (Fig. 3A,C) . Outside the homeodomain Vc-Hox contains an additional conserved motif (HR, Fig. 3A ) of 115 amino acids which displays strong homology to MEINOX, a homeodomain-associated domain present in all members of the three amino acid loop extension (TALE) superclass of homeobox genes (Bürglin 1997) . Members of this group are characterized by having three extra amino acids between helix 1 and helix 2 of the homeodomain, which are always prolinetyrosine -proline. Besides these two conserved regions no significant homologies to any other protein was found.
The entire nucleotide sequence of a gene likely to code for a zinc finger protein (Vc-ZnFP, GenBank Accession no. AY204698) is 1934 bp long and has an ORF of 825 bp coding for 274 amino acids. The gene has 114 nucleotides of 5′-UTR and a large 3′-UTR of 995 bp including a poly(A) tail with stem-and-loop structures indicating that most of the transcript may represent non-coding regions regulating the stability of the mRNA. In addition, the 3′-UTR contains a small microsatellite with a (TA) 8 (TGTA) 3 motif known to be polymorphic in both sexual and asexual V. canescens isolates (R. Butcher, personal communication). Amino acid sequence analysis revealed that 10 amino acid residues characteristic for a conserved zinc finger RING-type motif are present in the sequence of Vc-ZnFP. Outside this zinc finger pattern, no significant sequence identity to other genes was found by blast searches.
Discussion
In this study, the cDNA-AFLP technique allowed the identification of several transcripts that are differentially expressed in the ovaries of two lines of the endoparasitic wasp Venturia canescens. AFLP reactions were performed using 110 different MseI primer combinations, resulting in the detection of ≈ 2150 ovarian cDNA fragments of which 7 were, in fact, differentially expressed in the wasp lines as was confirmed by virtual Northern blotting. For the comprehensive analysis of changes in gene expression, cDNA-AFLPs have significant advantages over other commonly used gene display methods (for review see Kuhn 2001) . In contrast to microarray technology, cDNAAFLPs can be performed in the absence of DNA sequence data and, as a PCR-based method, require only minute amounts of RNA. Because of the use of stringent annealing conditions during PCR cDNA-AFLP banding patterns have been shown to be highly reproducible compared with, for example, differential display PCR ( Jones & Harrower 1998) . In our study the good overall reproducibility of this method was also demonstrated by the fact that the banding pattern of ovarian cDNA from RP and RM wasps was quite similar (only 0.33% differentially expressed fragments). However, verification of the results by Northern blot analysis showed that one third of the amplicons differentially amplified in cDNA-AFLP analysis were in fact false positives.
Of the seven detected gene products that are expressed differentially by RP and RM wasps, three (putative homologues of a small heat shock protein, of polyubiquitin and of a gene involved in the development of the Nijmegen breakage syndrome, respectively) are expected to be potentially involved in regulation of protein degradation during the stress response and/or different developmental processes. Small heat shock proteins serve as molecular chaperones as they bind denatured proteins and prevent their aggregation resulting in an enhanced survival of cells under various stress conditions, during immune responses or early embryogenesis (MacRae 2000) . Whether the elevated level of heat shock protein expression in RP ovaries might account for the different growth rates of RP and RM larvae during early embryonic development (Beck et al. 1999) remains to be determined.
Regulation of the expression of structural genes is critical during morphogenesis. It requires the differential expression of transcription factors, which in turn regulate the tissue-specific expression of structural genes. Two of the cDNA-AFLP fragments found to be differentially expressed in RP and RM V. canescens wasp ovaries are likely to code for such transcription factors, with a homologue of a homeodomain-containing protein (Vc-Hox) being upregulated in RM wasps, whereas a gene belonging to the family of zinc-finger transcription factors has been shown to be expressed in higher amounts in RP ovaries.
Vc-Hox encodes a novel protein of 456 amino acid residues containing a homeodomain resembling structurally those of the three-amino acid loop extension (TALE) superclass of homeobox proteins (Bürglin 1997) . Homeotic genes specify key developmental pathways by encoding homeodomain-bearing transcription factors that control the expression of downstream target genes. However, the exact mode of action of an up-regulation of a Hox gene in the ovaries of RM wasps compared with RP wasps and its consequences for the regulation of key developmental processes remains to be analysed.
Cysteine-rich zinc-binding motifs known as the RING are found in several unrelated proteins mediating protein-protein interactions (Borden 1998) . Several RINGcontaining proteins are also known to be steroid-binding factors having important roles in the regulation of hormones during various developmental processes. Further studies will reveal whether the zinc-binding motif has a role as a hormone-receptor domain and if RP and RM wasps therefore differ in their response to hormones.
This study represents, to our knowledge, the first demonstration of differences in gene expression between strains of a non-Drosophilid insect species. In all arrhenotokously and thelytokously reproducing field populations of V. canescens analysed to date, the two lines occur sympatrically (Beck et al. 1999; Malmberg et al. 2000; Schneider et al. 2003) . Evolutionary theory would suggest that in a thelytokous population any unfavourable variation altering gene expression levels would soon be eradicated from the population. Therefore, we suspect that the observed differences in the transcriptional control of gene expression between RP and RM wasp lines might reflect adaptations to distinct conditions prevalent in the natural habitats of this wasp species, such as fluctuations in host population densities, rapid changes in microclimate or extensive competition with other parasitoid species occurring in the same habitats (Johnson et al. 2000) . Further studies are now required to elucidate whether genes with altered expression levels in RP and RM wasps from our laboratory colony show the same expression patterns in individuals from different natural populations.
In summary, cDNA-AFLP analysis has revealed that two lines of the endoparasitic wasp V. canescens differ in their expression patterns of certain ovarian gene products that may, in the case of the two transcription factors, regulate key developmental processes. Others are likely to be involved in different stress responses during embryonic and/or larval development. Further work will now concentrate on the characterization of these genes thus contributing to the understanding of the genetic basis of the observed phenotypic differences in these two wasp lines.
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